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ABSTRACT
The purpose of this review is to discuss recent developments occurring at the interface of
cosmology with string and M-theory. We begin with a short review of 1980s string cosmology
and the Brandenberger-Vafa mechanism for explaining spacetime dimensionality and then
introduce the Pre-Big-Bang scenario (PBB), the work of Horava-Witten and Lukas, Ovrut
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In recent years there have been many exciting advances in our understanding of M-theory,
our best candidate for the fundamental theory of everything. The Standard Big-Bang
(SBB) and inflationary models of cosmology are plagued with a plethora of problems [2]
such as that of the initial singularity. At the singularity, physical invariants such as the
Ricci scalar, R, blow up. Other measurable quantities, for example temperature and energy
density also become innite. From the Hawking-Penrose singularity theorems we know that
such spacetimes are geodesically incomplete and, hence, when we ask the question, \how
did the universe begin?", we are faced with the unsatisfactory answer, \we don’t know."
It is only natural to begin exploring the role of M-theory in the early universe, as the
theory claims to appropriately describe physics in regions of space with high energies and
large curvature scales. It is the purpose of this article to introduce some of the most promis-
ing work and themes under investigation in string cosmology. After a brief introduction to
M-theory, we will review the work of Brandenberger and Vafa [1] in which the 1980s version
of string theory is used to solve the initial singularity problem and in an attempt to explain
why we live in four macroscopic dimensions despite the fact that string theory seems to
predict the wrong number of dimensions, namely ten. We will then examine the Pre-Big-
Bang scenario [16]-[21], a theory based on the low energy eective action for string theory,
developed in the early 1990s by Gasperini and Veneziano. Another interesting attempt to
combine M-theory with cosmology is that of Lukas, Ovrut and Waldram [28]. Their work
is based on the model of Horava and Witten and is inspired by eleven dimensional super-
gravity, the low energy limit of M-theory. Finally, we will review the \Brane World" model
of Randall and Sundrum [38], where our four dimensional universe emerges as the world
volume of a three brane and the hierarchy problem is solved in a natural way. This review
is based on talks given at Brown University and is presented more or less chronologically.
2 M-Theory
For several years now, we have known that there are ve consistent formulations of super-
string theory. The ve theories are ten-dimensional, two having N = 2 supersymmetry
known as Type IIA and Type IIB and three having N = 1 supersymmetry, Type I, SO(32)
heterotic and E8E8 heterotic. Recently, duality symmetries between the various theories
have been discovered, leading to the conjecture that they all represent dierent corners of a
large, multidimensional moduli space of a unied theory named, M-theory. Using dualities
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we have discovered that there is a sixth branch to the M-theory moduli space (see Fig. (2))
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Figure 2: This is a slice of the eleven-dimensional moduli space of M-theory. Depicted are the ve,
ten-dimensional string theories and eleven-dimensional supergravity, which is identied with the low
energy limit of M-theory.
It is possible that using these six cusps of the moduli space we have already identied the
fundamental degrees of freedom of the entire nonperturbative M-theory, but that their full
signicance has yet to be appreciated. A complete understanding and consistent formulation
of M-theory is the ultimate challenge for string theorists today and will take physicists into
the new millennium.
3 Superstrings and Spacetime Dimensionality
Perhaps the greatest embarrassment of string theory is the dimensionality problem. We
perceive our universe to be four dimensional, yet string theory seems to naively predict
the wrong number of dimensions, namely ten. The typical resolution is that six of the
dimensions are curled up on a Planckian sized manifold. The following question naturally
arises, why is there a six/four dimensional split between the small/large dimensions? Why
not four/six, or seven/three? Although there is still no answer to this question, a possible
explanation emerges from cosmology and the work of Brandenberger and Vafa [1] which we
will summarize in this section.
3
3.1 Duality
Let us consider the dynamics of strings moving in a nine-dimensional box with sides of
length R. We impose periodic boundary conditions for both bosonic and fermionic degrees
of freedom, so we are eectively considering string propagation in a torus. What types of
objects are in our box? For one, there are oscillatory modes corresponding to vibrating
stationary strings. Then, there are momentum modes which are strings moving in the box
with fourier mode n and momentum
p = n=R : (3.1)
There are winding modes which are strings that stretch across the box (wrapped around
the torus) with energy given by
! = mR ; (3.2)
where m is the number of times the string winds around the torus. Finally, there are
combinations of all of the above, e.g. winding, oscillatory modes.
We now make a remarkable observation, that the spectrum of this system remains




(provided we switch the roles of m and n). This symmetry is known as T-duality [4] and
is a symmetry of the entire string theory, not just the spectrum of this particular model.
T-duality leads us to the startling conclusion that any physical process in a box of radius
R is equivalent to a dual physical process in a box of radius 1=R. In other words, one
can also show that scattering amplitudes for dual processes are equal. Hence, we have
discovered that distance, which is an invariant concept in general relativity (GR), is not an
invariant concept in string theory. In fact, we will see that many invariant notions in GR are
not invariant notions in string theory. These deviations from GR are especially noticeable
for small distance scales where the Fourier modes of strings become heavier (3.1) and less
energetically favorable, while the winding modes become light (3.2) and are therefore more
easy to create.
3.2 Thermodynamics of Strings
Before discussing applications of this model to cosmology let us review a few useful calcu-
lations of string thermodynamics. The primary assumption we will make for the following
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discussion is that the string coupling is suciently small so that we may ignore the gravi-
tational back reaction of thermodynamical string condensates on the spacetime geometry.
String thermodynamics predicts the existence of a maximum temperature known as the
Hagedorn temperature (TH) above which the canonical ensemble approach to thermody-
namics breaks down [5]. This is due to the divergence of the partition function because of
string states which exponentially increase as
d(E) / E−p exp (HE) ; (3.4)





which diverges for  < H , or T > TH . For more on string thermodymanics see [5]-[12].
3.3 The Early Universe
Consider the following toy model of a superstring-lled early universe. Besides the assump-
tion of small coupling stated in section 3.2, we also will assume that the evolution of the
universe is adiabatic and we will make some assumptions about the size and shape of the
universe. Before the work of Brandenberger and Vafa, it was typical to speak about the
process of \spontaneous compactication" of six of the ten dimensions predicted by string
theory in order to arrive at our large, 3 + 1 dimensional universe. Brandenberger and Vafa
proposed that, from a cosmological perspective, it is much more logical to consider the
decompactication of three of the spatial directions. In other words, one starts in a universe
with nine dimensions, each compactied close to the Planck length and then, for one reason
or another, three spatial dimensions grow large.
The toy model of the early universe we consider here will be a nine dimensional box with
each dimension having equal length, R. The box is then lled with strings and periodic
boundary conditions are imposed as described in section 3.1. In the SBB model it is
possible to plot the scale factor R vs. t using the Einstein equations (Fig. (3.3)(a)). For
the radiation dominated epoch R / t1=2. Furthermore, we may plot R vs. the temperature
T , where T / 1=R (Fig. (3.3) (b) and (c)). In string theory we have no analogue of
Einstein’s equations and hence we cannot obtain a plot of the scale factor, R vs. t. On
the other hand, we do know the entire spectrum of string states and so we can obtain an
analogue of the R vs. T curve (see Fig. (3.3)(d)). Note that the region of Fig. (3.3)(d)
near the Hagedorn temperature is not well understood, and canonical ensemble approaches
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break down. However, the regions to the left and right of TH are connected via dualities.
The interested reader should see [5]-[12] for more modern investigations of the Hagedorn
transition. Recall, that in General Relativity the temperature T goes to innity as the
radius R decreases. As we have already mentioned, string theory predicts a maximum
temperature, TH and therefore we expect the stringy R vs. T curve to be drastically
altered. Furthermore, we found that string theory enjoys the R ! 1=R symmetry which
leads to a lnR! − lnR symmetry in Fig. (3.3)(d). For large values of R, R / 1=T is valid
since the winding modes are irrelevant and the theory looks like a point particle theory.
For small R the T − R curve begins to flatten out, approach the Hagedorn temperature
and then as we continue to go to smaller values of R the temperature begins to decrease.
This behavior is a consequence of the T-duality of string theory. As R shrinks, the winding
modes which are absent in point particle theories become lighter and lighter, and hence are
easier to produce. Eventually, (with entropy constant) the thermal bath will consist mostly
of winding modes, which explains the decrease in temperature once one continues past TH











Figure 3.3: In (a) (and (b)), we have plotted R vs. t (T vs. R) for the SBB model. Figures (c) and
(d) are plots of T vs. ln R for both the SBB and String cosmological models respectively. Note the
lnR ! − ln R symmetry in (d).
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An observer traveling from large R to small R, actually sees the radius contracting to
R = 1 (in Planck units) and then expanding again. This makes us more comfortable with
the idea of the temperature beginning to decrease after R = 1. The reason for this behavior
is that the observer must modify the measuring apparatus to measure distance in terms of
light states. The details for making this change of variables are described in [1].
Hence, the observer described above encounters an oscillation of the universe. This
encourages one to search for cosmological solutions in string theory where the universe
oscillates from small to large, eliminating the initial and nal singularities found in (SBB)
models.
3.4 The Dimensionality Problem
We are now ready to ask the question, how can string theory, a theory consistently formu-
lated in ten dimensions give rise to a universe with only four macroscopic dimensions? Or,
in the context of our toy model, why should three of the nine spatial dimensions of our box
\want" to expand? To address this question, we will use the following observation: winding
modes lead to negative pressure in the thermal bath. To understand this, recall that as the
volume of our box increases, the energy in the winding modes also increases (3.2). Thus
the phase space available to the winding modes decreases, which brings us to the conclusion
that winding modes would \like" to prevent expansion. The point is that it costs a lot
of energy to expand with winding modes around. Thermal equilibrium demands that the
number of winding modes must decrease as R increases (since the winding modes become
heavier). Therefore, we conclude that expansion can only occur when we have thermal
equilibrium, which favors fewer of the winding states as R increases. If, on the other hand,
the winding modes are not in thermal equilibrium they will become plentiful and thus any
expansion will be slowed and eventually brought to a halt.
In order for the winding modes to reach thermal equilibrium there must be string inter-
actions of the form
W + W , unwound states ; (3.6)
which are in thermal equilibrium. Here W is a winding state and W is a winding state with




Figure 3.4: Strings that interact with opposite windings become unwound states.
In order for such processes to occur, the strings must come to within a Planck length of
one another. As the winding strings move through spacetime they span out two dimensional
world sheets. In order to interact, their worldsheets must intersect, but in a nine dimensional
box the strings will probably not intersect because 2 + 2 < 9 + 1. Since there is so much
room in the box, the string will have a hard time nding one another in order for their
worldsheets to intersect so they can unwind. If the winding strings do not unwind, and
the box starts to expand, the winding states will fall out of thermal equilibrium and the
expansion will be halted.
The conclusion is that the largest spacetime dimensionality consistent with maintaining
thermal equilibrium is four. Since, 2+2 = 3+1, and therefore the largest number of spatial
dimensions which can expand is three.
There are several problems with the toy model analyzed above. Most of these have
already been mentioned by the authors. First, the strings are treated classically. Clearly,
quantum eects will cause the strings to take on a small but nite thickness [13], possibly
allowing worldsheets to interact more easily. Also, the model does not explain why the
universe does not have spatial dimension less than three. After all, the process of unwind-
ing discussed above would be even more ecient in a universe with less than three large
dimensions. Furthermore, it was argued in [14] that M-theory should not be formulated
in a spacetime of denite dimension or signature. In other words, we should also be able
explain why there is only one time dimension. The authors chose the torus as their com-
pactication manifold for simplicity. It is important from the point of view of string theory
to consider how things would change if the manifold was a Calabi-Yau space. In particular,
six dimensional, Calabi-Yau three-folds do not even have one cycles for strings to wrap
around. Perhaps the greatest problem with the above scenario is that this work was done
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in the 1980s using the superstring theory of the day. It is now know that there are many
more fundamental extended objects other than just strings. We are currently working on
updating the above model to include the eects of p-branes [15].
4 Pre-Big-Bang
The next attempt to marry cosmology with string theory that we will review was proposed
in the early 1990s by Veneziano and Gasperini [16]-[20].
4.1 Introduction
The Pre-Big-Bang (PBB) model 2 is based on the low energy eective action of string
theory, which in d spatial dimensions is given by






R+ (@’)2 +   
i
; (4.1)
where ’ is the dilaton and s is the string length scale. The qualitative dierences between
the PBB model, and the SBB model based on the Einstein-Hilbert action,




p−g R ; (4.2)
are most easily visualized by plotting the history of the curvature of the Universe (see
Fig. (4.1)). In the SBB scenario the curvature increases as we go back in time, eventually
reaching an innite value at the Big-Bang singularity. In standard inflationary models the
curvature reaches some xed value as t decreases at which point the Universe enters a de
Sitter phase. It has been shown however that such an inflationary phase cannot last forever,
for reasons of geodesic completeness, and that the initial singularity problem still remains
[22, 2]. The cosmology generated by (4.1) diers drastically from the standard scenarios.
The action (4.1) without the \  " terms does not realize the PBB scenario, as we will
discuss below. In the PBB model, as one travels back in time the curvature increases as
in the previously mentioned models, but in the PBB a maximum curvature is reached at
which point the curvature and temperature actually begin to decrease. Although we will
examine the details of how this occurs below, a few simple considerations make us feel more
comfortable with this picture.





 10 lpl  10−32cm ; (4.3)
2For an updated collection of papers on this model see http://www.to.infn.it/∼gasperin.
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where T is the string tension and lpl is the Planck length. So it is natural from the point
of view of strings to expect a maximum possible curvature. Logically, as we travel back
in time there are only two possibilities if we want to avoid the initial singularity. Either
the curvature starts to grow again before the de Sitter phase, in which case we are still left
with a singularity only shifted earlier in time, or the curvature begins to decrease again,













Figure 4.1: Curvature plotted versus time for, (a) the SBB model, (b) the standard inflationary model
and (c) the PBB scenario.
4.2 More on Duality
To demonstrate the enhanced symmetries present in the PBB model we will examine the
consequences of scale-factor duality. The Einstein-Hilbert action (4.2) is invariant under
time reversal. Hence, for every solution a(t) there exists a solution a(−t). Or in terms
of the Hubble parameter H(t) = _a(t)=a(t), for every solution H(t) there exists a solution
−H(−t). Thus, if there is a solution representing a universe with decelerated expansion
and decreasing curvature (H > 0, _H < 0) there is a \mirror" solution corresponding to a
contracting universe (H(−t), H < 0).
The action of string theory (4.1) is not only invariant under time reversal, but also
under inversion of the scale factor a(t), (with an appropriate transformation of the dilaton).
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For every cosmological solution a(t) there is a solution ~a = 1=a(t), provided the dilaton
is rescaled, ’ ! ~’ = ’ − 2d ln a. Hence, time reversal symmetry together with scale-
factor duality imply that every cosmological solution has four branches, Fig. (4.2). For the
standard scenario of decelerated expansion and decreasing curvature (H(t) > 0, _H(t) < 0 )
there is a dual partner solution describing a universe with accelerated expansion parameter
~H(t) and growing curvature _~H(−t).
H
t
H ( t )H ( -t )











Figure 4.2: The four branches of a string cosmological solution resulting from scale-factor duality and
time reversal.
We will now show how one can create a universe from the string theory perturbative
vacuum, that today looks like the standard cosmology. This problem is analogous to nding
a smooth way to connect the Pre-Big-Bang phase with a Post-Big-Bang phase, or how to
successfully connect the upper-left side of Fig. (4.2) to the upper-right side of Fig. (4.2). In
general the two branches are separated by a future/past singularity and it appears that in
order to smoothly connect the branches of growing and decreasing curvature one requires
the presence of higher order loop and/or derivative corrections to the eective action (4.1).
This cancer of the PBB model is know as the Graceful Exit Problem (GEP) and is the
subject of many research papers (see [20, 21] for a collection of references).
One example of how the GEP can be solved is given in [23]. In this work we consider
a theory obtained by adding to the usual string frame dilaton gravity action specially con-
structed higher derivative terms motivated by the limited curvature construction of [24].
The action is then (4.1) with the \  " term being replaced by the constructed higher deriva-
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tive terms. In this scenario all solutions of the resulting theory of gravity are nonsingular
and for initial conditions inspired by the PBB scenario solutions exist which smoothly con-
nect a \superinflationary" phase with _H > 0 to an expanding FRW phase with _H < 0,
solving the GEP in a natural way.
4.3 PBB-Cosmology
We are now ready to examine cosmological solutions of the PBB model. By adding matter
in the form of a perfect fluid to the eective action (4.1) (without the \  " terms) and
taking a Friedmann-Robertson-Walker background with d = 3, we may vary the action to
get the equations of motion for string cosmology,
_’2 − 6H _’ + 6H2 = e’ ; (4.4)
_H −H _’+ 3H2 = 1
2
e’p ;
2’¨ + 6H _’ − _’2 − 6 _H − 12H2 = 0 :
As an example, for p = =3 the equations with constant dilaton are exactly solved by
a / t1=2;  / a−4; ’ = const. ; (4.5)
which is the standard scenario for the radiation dominated epoch, having decreasing curva-
ture and decelerated expansion:
_a > 0; a¨ < 0; _H < 0 : (4.6)
But there is also a solution obtained from the above via time translation and scale-factor
duality,
t! −t; a / (−t)−1=2; ’ / −3 ln(−t);  = −3p / a−2 : (4.7)
This solution corresponds to an accelerated, inflationary expansion, with growing dilaton
and growing curvature:
_a > 0; a¨ > 0; _H > 0 : (4.8)
Solutions with such behavior are called \superinflationary" such as those located in the
upper left quadrant of Fig. (4.2).
Let us briefly review the history of the universe as predicted by the PBB scenario.
Recall, that in the SBB model the universe starts out in a hot, dense and highly curved
regime. In contrast, the PBB universe has its origins in the simplest possible state we
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can think of, namely the string perturbative vacuum. Here the universe consists only of
a sea of dilaton and gravitational waves. It is empty, cold and flat, which means that
we can still trust calculations done with the classical, low-energy eective action of string
theory. In [25], the authors showed that in a generic case of the PBB scenario, the universe
at the onset of inflation must already be extremely large and homogeneous. In order for
inflation to solve cosmological problems the initial size of a homogeneous part of the universe
before PBB inflation must be greater than 1019ls. Hence, it was proposed in [27] that the
initial state of the PBB model is a generic perturbative solution of the tree-level low-energy
eective action. Presumably, quantum fluctuations lead to the formation of many black
holes (Fig. (4.3)) in the gravi-dilaton sector (in the Einstein frame). Each such singular
space-like hypersurface of gravitational collapse becomes a superinflationary phase in the
string frame [27, 26]. After the period of dilaton-driven inflation the universe proceeds to




Figure 4.3: A 2 + 1 dimensional slice of the string perturbative vacuum giving rise to black hole
formation in the Einstein frame.
Let us conclude by mentioning a few benets of the PBB scenario. For one, there is no
need to invent inflation, or ne tune a potential for the inflaton. Inflation sets in naturally
and is dilaton driven. Pair creation (quantum instabilities) provides us with a way to heat
up an initially cold universe in order to produce a hot big-bang with homogeneity, isotropy
and flatness.
Problems with this scenario include the graceful exit problem, mentioned above. This
is the problem of smoothly connecting the phases of growing and decreasing curvature, a
process that is still not well understood and requires further investigation. Most cosmolog-
ical models require a potential for the dilaton to be introduced by hand in order to freeze
the dilaton at late times. In general it is believed that the dilaton should be massive today,
otherwise we would notice its eects on physical gauge couplings. Lastly, the dimensionality
problem is still present in this model.
13
5 Cosmology and Heterotic M-Theory
In this section we will focus on the work of Lukas, Ovrut and Waldram (LOW)[28] in
1998, which is based on the heterotic M-theory of Horava and Witten [29, 30, 31]. Their
motivation was to see if it is possible to construct a realistic, cosmological model starting
from the most fundamental theory we know.
5.1 Horava-Witten Theory
In 1996, Horava and Witten showed that eleven-dimensional M-theory compactied on an
S1=Z2 orbifold with a set of E8 gauge supermultiplets on each ten-dimensional orbifold xed
plane can be identied with the strongly coupled E8E8 heterotic string [29, 30]. The basic
setup is that of Fig. (5.1), where the orbifold is in the x11 direction and x11 2 [−; ] with
the endpoints being identied. The orbifolding with Z2 leads to the symmetry x11 ! −x11.
It has been shown that this M-theory limit can be consistently compactied on a deformed
Calabi-Yau three-fold resulting in an N = 1 supersymmetric theory in four dimensions
(see g.(5.2)). In order to match (at tree level) the gravitational and grand-unied gauge
couplings one nds that Rorb > RCY , where Rorb is the radius of the orbifold and RCY 
1016 GeV is the radius of the Calabi-Yau space. This picture leads to the conclusion that
the universe may have gone through a phase in which it was eectively ve-dimensional,















E 8 E 8 
Figure 5.1: The Horava-Witten scenario. Here we have compactied one of the eleven-dimensions onto
the orbifold S1=Z2. The manifold is then M = IR10  S1=Z2.
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We will proceed by explaining the construction of the ve-dimensional eective theory
via reduction of Horava-Witten on a Calabi-Yau three-fold, and then show how this can
lead to a four-dimensional toy model for a Friedmann-Robertson-Walker (FRW) universe.
We start with an eleven-dimensional action whose bosonic part looks like
S = SSUGRA + SY M ; (5.1)
where SSUGRA is the usual action of eleven-dimensional supergravity

















and SY M are two E8 Yang-Mills theories on the ten-dimensional orbifold planes






























The values of I; J;K; ::: = 0; :::; 9; 11 parametrize the full eleven-dimensional space M11,
while I; J; K; ::: = 0; :::; 9 are used for the ten-dimensional hyperplanes, M (i)10 , i = 1; 2,
orthogonal to the orbifold. The F (i)I J are the two E8 gauge eld strengths and CIJK is the
3-form with eld strength given by GIJKL = 24@[ICJKL]. In order for this theory to be
supersymmetric and anomaly free the Bianchi identity for G must pick up the following
correction,









J (1)(x11) + J (2)(x11 − )
o
I J K L
(5.4)
where the sources are
J (i) = trF (i) ^ F (i) − 1
2
trR ^R : (5.5)
Now, we wish to nd solutions to the above theory which preserve four of the thirty-two
supercharges and, when compactied, lead to four dimensional, N = 1 supergravities. To
begin, consider the manifoldM = IR4XS1=Z2, where IR4 is four-dimensional Minkowski
space and X is a Calabi-Yau three-fold. Upon compactication onto X, we are left with
a ve-dimensional eective spacetime consisting of two copies of IR4, one at each of the
orbifold xed points, and the orbifold itself (see g. (5.2)). On each of the IR4 planes there









N = 1, H N = 1, H1 2
Figure 5.2: The LOW scenario. The manifold is given by M = IR4  X  S1=Z2 where we have
compactied the Horava-Witten theory on a smooth Calabi-Yau three fold X. Upon compactication
we are left with a ve-dimensional eective theory.
In the next section we construct the ve-dimensional eective theory.
5.2 Five-Dimensional Eective Theory
As we have discussed according to the model presented above there is an epoch when the
universe appears to be ve dimensional. Hence, it is only natural to try to nd the action
for this ve-dimensional eective theory. Let us identify the elds in the ve-dimensional
bulk. First, there is the gravity multiplet (g ;A;  i), where A is a ve-dimensional
vector eld, and the  i are the gravitini. The indices ;  = 0; :::; 3; 11 and i = 1; 2. There
is also the universal hypermultiplet q  (V; ; ; ; i). Here V is a modulus eld associated
with the volume of the Calabi-Yau space,  is a complex scalar zero mode,  is a scalar
resulting from the dualization of the three-form Cγ , and the i are the hypermultiplet
fermions.
It is now possible, using the action (5.1) to construct the ve-dimensional eective action
of Horava-Witten theory,
S5 = Sgrav + Shyper + Sbound ; (5.6)
where,

















































p−g V tr(F (i) )2 : (5.9)
In the above v is a constant that relates the ve-dimensional Newton constant, 5, with
the eleven-dimensional Newton constant, , via 25 = 
2=v. The metric h is the flat space
metric and  is a constant. Higher-derivative terms have been dropped and this action
provides us with a minimal N = 1 supergravity theory in the ve-dimensional bulk.
It can be shown that there is a three-brane domain wall solution with a world-volume
lying in the four uncompactied dimensions [28]. In fact, a pair of domain walls is the
vacuum solution of the ve-dimensional theory which provides us with a background for
reduction to a d = 4, N = 1 eective theory. This solution will be the topic of the next
section.
5.3 Three-Brane Solution
In order to nd a pair of three-branes solution we should start with an ansatz for the
ve-dimensional metric of the form
ds25 = a(y)
2 dx dx  + b(y)2dy2 (5.10)
V = V (y) ;
where y = x11. By using the equations of motion derived from the action (5.6) we nd
a = a0H1=2 (5.11)
b = b0H2




3 0jyj+ c0, and a0; b0 and c0 are all constants. Using the equations of motion
derived by varying the action with respect to g of (5.10), we arrive at a dierential






0 ((y) − (y − )) (5.12)
A detailed derivation of this equation is discussed in [28]. Clearly, (5.12) represents two
parallel three-branes located at the orbifold planes, as in Fig.(5.2). This solves the ve-
dimensional theory exactly and preserves half of the supersymmetries, with low-energy
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gauge and matter elds carried on the branes. This prompts us to nd realistic cosmological
models from the above scenario where the universe lives on the world-volume of a three-
brane.
5.4 Cosmological Domain-Wall Solution
In order to construct a dynamical, cosmological solution, we make all of the solutions in
(5.11) functions of time  , as well as the eleventh dimension y,
ds25 = −N(; y)d2 + a(; y)2 dxm dxn mn + b(; y)2dy2 (5.13)
V = V (; y) ;
where we have introduced a lapse function N(; y). Because this ansatz leads to a very
complicated set of non-linear equations we will seek a solution based on the separation of
variables. Note, there is no a priori reason to believe that such a solution exists, but we
will see that one does. Separating the variables  and y,
N(; y) = n()a(y) (5.14)
a(; y) = ()a(y)
b(; y) = ()b(y)
V (; y) = γ()V (y) :
Since this article is intended only as an elementary review we will not repeat the details
involved in solving the above system. For our purposes it suces to say that the equations
take on a particularly simple form when  = γ and with the gauge choice of n = const:. In
this gauge,  becomes proportional to the comoving time t, since dt = n()d . A solution
exists such that
 = A jt− t0jp (5.15)
















and A;B and t0 are arbitrary constants. Hence, we have found our cosmological solution.
The y-dependence is identical to the domain wall solution (5.12) and the scale factors evolve
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with t according to (5.15). The domain wall pair remain rigid, while their sizes and the
separation between the walls change. In particular,  determines the size of the domain-wall
world-volume while  gives the separation of the two walls. In other words,  determines the
size of the three-dimensional universe, while  gives the size of the orbifold. Furthermore,
the d = 4 world-volume of the three-brane universe exhibits N = 1 SUSY and a particular
solution exists for which the domain wall world-volume expands in a FRW-like manner
while the orbifold radius contracts.
Although the above model provides an intriguing use of M-theory in an attempt to
answer questions about early universe cosmology there are still many problems to be worked
out. Foremost, these are vacuum solutions, devoid of matter and radiation. There is no
reason to think that, of all the solutions, the one which matches our universe (expanding
domain-wall, shrinking orbifold) should be preferred over any other. This problem is typical
of many cosmological models, however. The Calabi-Yau (six-dimensional) three-fold is
chosen by hand in order to give four noncompact dimensions. Hence, the dimensionality
problem mentioned in section 3 is still present in this model. Stabilization of moduli elds,
including the dilaton has recently been addressed in [36]. There is no cosmological constant
in the model, and no way to stabilize the radius of the fth dimension. There is also
no natural mechanism supplied for SUSY breaking on the domain wall, and currently no
discussion of inflationary dynamics. For more on heterotic M-theory and cosmology see,
[32]-[37].
6 Randall-Sundrum
In this section we will discuss the Randall-Sundrum (RS) model [38]-[41]. The RS model
is similar in many respects to that of the Lukas, Ovrut and Waldram scenario discussed in
section 5, although its motivation is quite dierent. In the LOW construction the motivation
was to construct a cosmology out of the fundamental theory of everything. In the RS model
the motivation will be to construct a cosmology in which the Hierarchy problem of the
Standard Model (SM) is solved in a natural way. It is important to note that, as of yet,
there is no realization in the context of supergravity models of the RS model [44].
6.1 Motivation and the Hierarchy Problem
There is a hierarchy problem in the Standard Model because we don’t have any way of
explaining why the scales of particle physics are so dierent from those of gravity. Many
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attempts to solve the hierarchy problem using extra dimensions have been made before, see
for example [42] and [43]. Let’s describe how this can work. If spacetime is fundamentally
(4 + n)-dimensional then the physical Planck mass we measure
M
(4)
pl ’ 2 1018GeV ; (6.1)





= Mn+2pl Vn ; (6.2)
and on the geometry of the extra dimensions. Here Vn is the volume of the n compact extra
dimensions. Because we don’t see the extra dimensions experimentally, even though the
compactication scale c  1=V 1=nn is much smaller than the weak scale, the particles and
forces of the SM (except for gravity) must be conned to the four-dimensional worldvolume




Figure 6.1: In the RS model the elds of the Standard Model (with the exception of gravity) are
conned to the three-brane worldvolume while gravity is allowed to propagate in the bulk.
Clearly, we see from (6.2) that by taking Vn to be large enough we are capable of
eliminating the hierarchy between the weak scale v and the Planck scale. Unfortunately,
we have introduced a new hierarchy problem, namely the one between c and v. This is
where Randall and Sundrum come in. We assume that the particles and forces of the SM
with the exception of gravity are conned to a four-dimensional subspace of the (4 + n)-
dimensional spacetime. We identify the subspace as the world-volume of a three-brane
and make an ansatz for the metric. Randall and Sundrum’s proposal is that the metric is
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not factorizable, but the four-dimensional metric is multiplied by a \warp" factor that is
exponentially dependent upon the radius of the bulk, fth dimension. The metric ansatz is
ds2 = e−2krc’  dxdx + r2c d’
2 ; (6.3)
where k is a scale of order the Planck scale,  is the four-dimensional Minkowski metric
and 0  ’   is the coordinate for the extra dimension. Randall and Sundrum have
shown that this metric solves the Einstein equations and represents two three-branes with
appropriate cosmological constant terms separated by a fth dimension. The above scenario,
in addition to being able to solve the hierarchy problem (see section 6.3), provides distinctive
experimental signatures. Coupling of an individual Kaluza-Klein (KK) excitation to matter
or to other gravitational modes is set by the weak and not the Planck scale. There are no
light KK modes because the excitation scale is of the order a TeV. Hence, it should be
possible to detect such excitations at accelerators (such as the LHC). The KK modes are
observable as spin 2 excitations that can be reconstructed from their decay products. For
experimental signatures of KK modes within large extra dimensions see [45].
6.2 The RS Model
The basic setup is depicted in Fig. (6.2). The angular coordinate ’ parameterizes the fth
dimension and ranges from− to . We take as the fth dimension the orbifold S1=Z2 where
there is the identication of (x; ’) with (x;−’). The orbifold xed points are at ’ = 0; 
and correspond with the locations of the three-brane boundaries of the ve-dimensional
spacetime. Note the similarities of this model with the LOW model of section (5). One
dierence is that we are now considering nonzero vacuum energy densities on both the













Figure 6.2: The Randall-Sundrum scenario. Here we have compactied the fth dimension onto the
orbifold S1=Z2. The manifold is M = IR10  S1=Z2.
The action describing the scenario is
















p−ghid (− Lhid − Vhid) : (6.5)
Here, M is the Planck mass, R is the Ricci scalar, gvis and ghid are the four-dimensional
metrics on the visible and hidden sectors respectively and Vvis,  and Vhid are the cosmo-
logical constant terms in the visible, bulk and hidden sectors. The ve-dimensional Einstein











p−gvis gvis M N (’ − )
+Vhid
p−ghid ghid M N (’) : (6.6)
We now assume that a solution exists which has four-dimensional Poincare invariance in
the x directions. A ve-dimensional ansatz which obeys the above requirements is
ds2 = e−2(’) dxdx + r2c d’
2 : (6.7)
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(’ − ) : (6.9)
Solving (6.8) consistently with orbifold symmetry ’! −’, we nd





which clearly only makes sense if  < 0. Hence, the spacetime in the bulk of the theory is
a slice of an AdS5 manifold. Also, the only way we can solve (6.9) is if
Vhid = −Vvis = 24M3k
 = −24M3k2 : (6.11)
Note that the boundary and bulk cosmological terms are dependent upon the single scale
factor k, and that the relations between them are required in order to get four-dimensional
Poincare invariance.
Further connections with the LOW scenario of section 5 are now visible. The exact
same relations given in (6.11) arise in the ve-dimensional Horava-Witten eective theory
if one identies the expectation values of the background three-form eld as cosmological
terms.
We want the bulk curvature to be small compared to the higher dimensional Planck
scale in order to trust the solution and thus, we assume k < M . The bulk metric solution
is therefore,
ds2 = e−2krcj(’)j dxdx + r2c d’
2 (6.12)
Since rc is small but still larger than 1=k, the fth dimension cannot be experimentally
observed in present or future gravity experiments. This prompts us to search for a four-
dimensional eective theory.
6.3 Four-Dimensional Eective Theory
In our four-dimensional eective description we wish to nd the parameters of this low-
energy theory (e.g. M (4)pl and mass parameters of the four-dimensional elds ) in terms of the
ve-dimensional, fundamental scales, M , k and rc. Although we won’t get into the details,
to nd the four-dimensional theory one identies massless gravitational fluctuations about
the classical solution which correspond to the gravitational elds for the eective theory.
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These are the zero modes of the classical solution. The metric of the four-dimensional
eective theory is of the form
g(x)   + h(x) ; (6.13)
which is locally Minkowski. Here, h(x) represents the tensor fluctuations about Minkowski
space and gives the physical graviton of the four-dimensional eective theory. By substi-








p−g R ; (6.14)
where R is the four-dimensional Ricci scalar made out of g(x). The eective elds depend
only on x, and hence we may perform the integration over ’ explicitly to obtain the four-
dimensional eective theory [38]. From this it is possible to derive an expression for the











[1− e−2krc] : (6.15)
Notice that M (4)pl depends only weakly on rc in the large krc limit.
From the fact that gvis (x)  G(x; ’ = ) and ghid (x)  G(x; ’ = 0) we nd,
g = ghid ; (6.16)
but
g = gvise−2krc : (6.17)
It is now possible to nd the matter eld Lagrangian of the theory. With proper normal-
ization of the elds we can determine physical masses. Let us consider the example of a



































This result is completely general. The physical mass scales are set by a symmetry-breaking
scale,
v  e−krcv0 ; (6.21)
and hence any mass parameter m0 on the visible three-brane is related to the fundamental,
higher-dimensional mass via
m  e−krcm0 (6.22)
To conclude our discussion of the RS model, we note that if ekrc  1015 we produce TeV
scale physical masses from fundamental mass parameters near the Planck scale, 1019 GeV.
Therefore, there are no large hierarchies if krc  50. Note that it is important to try to
nd a way to stabilize the radius of the extra dimension. Furthermore, it was pointed out
in [44] that no current brane world model is realized as a BPS or non-BPS conguration of
a supersymmetric theory. This problem remains a challenge for the RS model. Note that
other scenarios involving large extra dimensions do not rely on supersymmetry, such as the
model described in [42].
7 Conclusions
In this review we have discussed a number of intriguing applications of M-theory to cosmol-
ogy. There is also plenty of room for further research. In particular, it seems that cosmology
may still have quite a bit to say about M-theory. This review is in no way comprehensive,
and to conclude I will refer the reader to further research developments occurring at the
interface of M-theory and cosmology. For more on p-brane dynamics and cosmology see
[46]-[49],[15]. For recent reviews on other cosmological aspects of M-theory see [50]-[52].
For some ideas on radically new cosmologies from M-theory see e.g. [53]-[56].
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